Purpose: Family history assigns equivalent risk to all relatives based upon the degree of relationship. Recent genetic studies have identified single nucleotide polymorphisms (SNPs) that can be used to calculate a genetic risk score (GRS) to determine prostate cancer (PCa) risk. We sought to determine whether GRS can stratify PCa risk among individuals in families considered to be at higher risk due their family history of PCa.
men with a first-degree relative diagnosed with PCa. [2] [3] [4] Similar recommendations have recently been made by institutions outside the United States, including those in Australia 4 and the United Kingdom. 5, 6 A genetic susceptibility to PCa has been well documented. Studies of over 44 000 twin pairs have shown concordance rates of PCa of 21% and 6% in monozygotic and dizygotic twins, respectively. Based on this evidence, it has been estimated that up to 57% of PCa risk be explained by genetic factors. 7 A positive family history of the disease is considered to be one of the strongest risk factors for developing PCa. 8, 9 Specifically, it has been demonstrated that a family history of PCa increases the risk by ∼2.5-fold.
10,11
It should be noted that current disease risk estimates typically use only first-degree relatives or a less specific definition that includes close relatives. 12, 13 Some studies have presented familial risks based on PCa in extended families, including a familial risk assessment model. 14, 15 Studies that incorporate a more complete PCa family history using close and distant relatives provide potential for more accurate risk estimates. However, detailed family histories are often difficult to obtain due to of age, survival status of male relatives, recall ability, and family communication. 16 In addition, families with few male members are less informative. Finally, family history is subject to change as men may be re-categorized from negative to positive depending on when relatives are diagnosed. Therefore, other risk assessment methods are needed that can more reliably assess inherited susceptibility for PCa by augmenting family history. 
| Genotyping
SNPs were selected for genotyping based on previously published reports that an allele at the SNP was significantly associated with PCa and having been validated in families with hereditary PCa. All samples were coordinated and genotyped using the MassARRAY iPLEX (Sequenom, Inc., San Diego, CA) at the Center for Cancer Genomics, Wake Forest University, as previously described. 26 The panel consisted of 17 SNPs (Supplementary Table S1 ) that were chosen because of previous genotyping and availability. 26 
| Statistical analysis
Derivation of the GRS has been previously described. 27 In brief, the GRS was determined by weighted odds ratios (ORs) developed based on external meta-analyses for each SNP (detailed information and ORs are shown in Supplementary Table S1 ). 28, 29 In the univariate analysis, differences in median GRS values were tested between affected and unaffected relatives using a t-test based on the generalized estimating equation (GEE) model that accounts for the relatedness of men within each family. In the multivariate analysis, a logistic regression model was used in which the independent variable was PCa (yes or no) and dependent variables included GRS (as a continuous variable) and relationship with proband (as an ordinal variable: first, second, or third degree of relatives). Again, the GEE model was used to account for the relatedness of men within each family. All statistical tests were performed using the SAS software (Version 9.1.3:
SAS Institute, Cary, NC).
| RESULTS
One hundred seventy-one families of European ancestry with hereditary PCa were included in this study. Clinical data was available for 789 family members of probands including 552 relatives with cancer and 237 unaffected relatives ( the GRS values among first-degree relatives was from 0.76 to 1.84 (Table 2 ). The median GRS scores were higher among first-degree relatives compared to second-and third-degree relatives (GRS 1.20 vs 1.09 vs 1.00, respectively). Affected relatives with PCa had significantly higher median GRS values compared to unaffected men among first-and second-degree relatives (P-values = 0.016 and 0.042, respectively, Table 2 ). These differences between affected and unaffected family members were not observed among third-degree relatives ( Table 2 , P-value = 0.27).
The association between PCa, GRS, and degree of family relationship was assessed. Table 3 demonstrates that GRS (OR = 1.52, P = 3.27 × 10 −3 ) and degree of family relationship (OR =1.85, P = 2.00 × 10
) were both significant and independent predictors of PCa.
The relative risk of PCa was then estimated by GRS values for each degree of family relationship (Table 4) One of the most important findings of the present study is that there is variability in the distribution of GRS values (denoted by the relatively wide IQR) among men with the same degree of relationship to PCa-affected men. In support of this, we found that 9.6%, 28.3%, 27.6%, and 34.5% of men with first-degree family history have GRS values of <0.5, 0.5-0.99, 1.0-1.49, and ≥1.5, respectively (data not shown). This supports the hypothesis that not all first-degree family members have the same inherited risk of PCa, but rather a wide range of risk that can be better stratified by the GRS test.
In this study, we demonstrate that first-degree relatives of men with PCa have a higher median GRS compared to second-and third-degree relatives, consistent with a trend of decreasing risk in more distant relatives. In addition, the results support the concept that common genetic variants contribute to hereditary disease. If P-value = 0.01, Table 2 ). Similar findings were documented for seconddegree relatives. This finding further supports the notion that common genetic variants contribute to PCa susceptibility, even in hereditary PCa families. While the GRS values of third-degree relatives were higher in cases compared to controls, this did not reach statistical significance. This may be due to a relatively limited sample size of thirddegree relatives included in the study. Nonetheless, these findings emphasize that GRS can stratify PCa risk among family members of the same degree of relation.
The results of the study also demonstrate that GRS can provide a unique and independent PCa risk assessment that cannot be captured by family history alone. In the multivariate analysis, both GRS and degree of family relationship were associated with a significantly increased risk of PCa (Table 3 ). This suggests that assessing both GRS and degree of family history may be clinically useful. In addition, it also suggests that GRS does not capture all of the inherited components contained within family history information, suggesting that other genetic factors (eg, high penetrance genes HOXB13 and BRCA2) or shared environmental risk factors may contribute to familial risk of developing PCa.
Degree of family relationship is an independent predictor of PCa risk, even when placed in a statistical model with GRS (Table 3) .
Although the OR associated with GRS is lower, its potential for estimating PCa is still potentially greater than family history. Most clinicians do not currently gather complete family history data. As such, family history becomes a dichotomous variable (ie, yes or no) that increases a patient's predicted risk for PCa by 1.85-fold for men (Table 3 ). When used in this fashion, all men with a first-degree relative have the same estimated inherited risk of developing PCa. In contrast,
GRS is a continuous variable that is associated with a 1.52-foldincrease risk for every one-point increment of GRS. In addition, GRS assigns a unique value to patients with the same family history and/or degrees of family relationship.
It should be noted that a GRS value less than 1.0 is categorized as "low risk" and not as "no disease risk." In fact, 37.9% of affected firstdegree relatives have a GRS value below 1.0. However, the relative proportion of affected men with low GRS values is significantly lower than men of similar family relationships without PCa. In addition, all men, even with low GRS values, have a positive family history that is an independent risk factor for PCa (Table 3) . Finally, the vast majority of men with low GRS values were diagnosed with low-grade (ie, Gleason Score = 6) disease (Table 1) . Therefore, men with low GRS values and a positive family history could potentially benefit from less frequent and/or later initiation of PCa screening.
There are several limitations of the present study that deserve mention including the fact that this study was limited to those of European ancestry. Further studies of GRS in other racial groups, particularly for those considered to be at increased risk (eg, African Americans), should be conducted. In addition, this study involved men with hereditary PCa defined by two or more affected family members. As such, GRS may have over-estimated disease risk in these cohorts where PCa is so prevalent. Alternatively, the effects of GRS may have been underestimated since not all family members were biopsied. Furthermore, it is possible that many "unaffected" relatives with GRS values greater than 1.0 may have actually harbored prostate tumors. Additionally, we do not fully understand how screening and potentially over screening influences the phenotype used in our study (eg, categorization of affected relatives). Therefore, it is possible that many relatives with PCa may have had clinically insignificant disease that would never have otherwise gone unnoticed. Finally, some of the analyses in second-and third-degree relatives may have been limited by relatively small sample sizes. It is important to note that while every proband in this study had two or more relatives with PCa, not all men met the strict definition of hereditary cancer (eg, within three generations, etc).
As such, our results may be possibly underestimated. Future studies in larger cohorts of men with hereditary disease should be performed.
| CONCLUSION
Family history has long been considered an important and informative risk factor for PCa. However, family history information, as currently used clinically, incorrectly assigns the same risk to all men based on their familial relationship. GRS offers an alternative to family history that can provide more precise information regarding a family member's risk of developing the disease. A significant number of first-, second-, and third-degree relatives may have a relatively increased or decreased risk of developing PCa despite having an affected proband. Therefore, GRS should be considered in addition to family history when counseling family members regarding the timing of the initiation and potentially frequency of PCa screening.
